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Organic photovoltaic ͑PV͒ devices have opened up a new route for renewable source of electrical energy because of their advantages such as low cost of fabrication and easy processing on flexible substrate. Since Tang proposed a twolayer organic PV device containing donor and acceptor ͑D/A͒ heterojunction to increase power conversion efficiency, 1 significant effort has been made to improve the device performance. [2] [3] [4] [5] Several factors limit the efficiency of organic PV devices. One such factor is poor alignment of D/A molecule orbital levels which results in a small V OC . Another issue is the unbalanced charge transport, resulting in low photocurrent and poor fill factor ͑FF͒. 6 In order to improve device efficiency, donor and acceptor materials with suitable energy levels for efficient charge separation and similar carrier mobilities are ideal for application in organic D/A PV devices. So far, the most efficient small molecule PV device that has been fabricated is based on heterojunction of copper phthalocyanine ͑CuPc͒ and C 60 . 7 A soluble fullerene derivative, ͓6,6͔-phenyl C 60 butyric acid methyl ester ͑PCBM͒, is usually blended with -conjugated p-type polymers to form bulk heterojunction ͑BHJ͒ PV device. 8, 9 Optimized internal quantum efficiencies close to 100% have been reported for BHJ systems, 10 which demonstrates that very efficient charge generation and collection can be achieved. Although PCBM has received much attention for application as the n-type constituent in polymer BHJ devices, its potential as the acceptor material in organic D/A heterojunction PV devices has not been explored. In this work we report an efficient D/A PV cell based on CuPc/ PCBM heterojunction. PCBM has improved light absorption in the visible region and has suitable energy level alignment with CuPc for efficient charge separation, which results in higher open-circuit voltage ͑V OC ͒ for the device compared to when C 60 is used as the acceptor material. In addition, the charge-carrier transport in CuPc/PCBM heterojunction is much more balanced than CuPc/ C 60 heterojunction, which is a necessary requirement for improving the photocurrent and FF. The device structure for a typical organic D/A heterojunction PV device fabricated in this study and the molecule structure of the materials used are shown in Fig. 1͑a͒ .
The devices were fabricated on patterned indium tin oxide ͑ITO͒-coated glass substrates ͑10-20 ⍀ / sq sheet resistance͒ used as the bottom transparent anode. After routine solvent cleaning, the substrates were treated with UV ozone for 15 min. The cleaned ITO substrates were then coated with a thin buffer layer of conducting polymer poly͑3,4-ethylenedioxythiophene͒:poly͑styrenesulfonate͒ ͑PEDOT: PSS͒ followed by baking at 120°C for 15 min in the ambient. The organic layers and metal electrodes were deposited by thermal evaporation under a background pressure of about 1 ϫ 10 −6 Torr. The organic materials used were CuPc ͑Sigma-Aldrich, 98%͒ and PCBM ͑Nano-C, 99.5%͒, both used as received. A CuPc layer of 200 Å was deposited at 0.2 Å / s over the anode followed by spin coating 300 Å of PCBM layer to complete the organic multilayer. Finally, a 1000 Å thick Al cathode was evaporated through shadow mask to define several devices with the active area of approximately 0.12 cm 2 . All the electrical measurements were performed in a nitrogen filled glove box at the room temperature. The current-voltage curves were obtained by a Keithley 2400 source-measure unit. The photocurrent was measured under illumination from a ThermoOriel 150 W solar simulator with AM1.5G filters, the light intensity of which was calibrated with a Newport 818T-10 thermopile detector. The absorption spectra were obtained from Varian Cary 50 UV-visible spectrophotometer. Atomic force microscope ͑AFM͒ images were obtained using Digital Instruments multimode scanning probe microscope, operated in taping mode.
The However, the series resistance is high, probably due to the poor conductivity of the PCBM film or presence of defects at the D/A interface. The J SC , FF, and PCE are 1.78 mA/ cm 2 , 50.64%, and 0.43%, respectively, for the device with PCBM as the acceptor layer. Further improvement in V OC and J SC , to 0.62 V and 4.62 mA/ cm 2 , respectively, was obtained by obtaining the PCBM through solution processing ͑or spin coating͒ on top of the CuPc layer, instead of thermal evaporation. The J-V curve for this device is shown as curve ͑c͒ in Fig. 1 . As compared to the conventional device, the PCE of the device with spin-coated PCBM increases by about 50%-1.18%. One of the important reasons for the observed improvement in the device efficiency is that PCBM has higher absorption and in a broader wavelength range compared to C 60 in the visible region. The UV-visible absorption spectra of C 60 and PCBM are shown in Fig. 3 . In the wavelength range of 400-550 nm, PCBM has significantly higher absorption than C 60 . In addition there is an additional peak at ϳ670 nm, resulting in broader absorption wavelength range. This will increase the number of absorbed incident photons in PCBM compared to C 60 .
To understand the improvement in device performance, the knowledge of charge transport properties of the individual components is necessary. Electron mobilities of C 60 and PCBM have previously been reported to be 8 ϫ 10 −6 and 2 ϫ 10 −7 m 2 V −1 s −1 , respectively. 11, 12 To determine hole mobility we fabricated hole-only devices with single CuPc layer ͑150 nm͒ sandwiched between ITO/PEDOT:PSS and molybdenum oxide ͑MoO 3 ͒͑ϳ10 nm͒ /Al͑ϳ100 nm͒ electrodes. From the slope of log J-log V plot, the behavior of the device is characteristic of space charge limited current, and a hole mobility of 4 ϫ 10 −9 m 2 V −1 s −1 is extracted for CuPc. 13 The charge transport in the heterojunction PV device is therefore unbalanced, considering the carrier mobility difference between donor and acceptor materials. Due to the lower hole mobility in CuPc compared to the electron mobilities in C 60 and PCBM, hole accumulation occurs in the device and the electric field increases close to the anode to assist the extraction of photogenerated holes. This results in lower photocurrent and poor fill factor. However, the lower electron mobility in PCBM films compared to C 60 indicates that the charge transport properties are more balanced in CuPc/PCBM heterojunction than in CuPc/ C 60 . As a result, CuPc/PCBM heterojunction shows higher photocurrent and FF.
The effect of the difference in the work function between the two electrodes on V OC of the CuPc/PCBM device can be ascertained by varying the cathode metal. In this case, three different metal electrodes, Al, gold ͑Au͒, and calcium ͑Ca͒, were used as the top contact to vary the barrier height for electron injection into the PCBM layer. Also, in one case, an electron blocking layer of 2,9-dimethyl-4,7-diphenyl-1,10-phenanthroline ͑BCP͒ is inserted between PCBM and Al. The rest of the device structure is kept the same for accurate comparison. The summary of device parameters ͑V OC , J SC , FF, and PCE͒ for all types of devices made in this study is given in Table I . The results show small difference in V OC by changing the top metal electrode and by inserting the elec- ͑a͒ ITO/ PEDOT/ CuPc͑200 Å͒ /C 60 ͑300 Å͒ / BCP͑100 Å͒ /Al, ͑b͒ ITO/ PEDOT/ CuPc͑200 Å͒ / PCBM͑300 Å͒ by thermal evaporation/Al, and ͑c͒ ITO/ PEDOT/ CuPc͑200 Å͒ / PCBM͑300 Å͒ by spin coating/Al. The inset shows J-V characteristics under the dark for ͑a͒ and ͑c͒.
FIG. 3. UV-visible spectra of buckminsterfullerene and methano͓60͔
fullerence both in toluene.
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tron blocking layer. The reduced J SC and FF for the device with Au electrode might be due to the lower reflectivity of Au film compared to Al and probably due to higher recombination caused by the lowering of build-in field. 14 The work function of the metal is pinned near the lowest unoccupied molecular orbital ͑LUMO͒ level of the electron acceptor; 15 therefore, the metal electrode forms an Ohmic contact with the acceptor percolation paths. On the other hand, the maximum value of the V OC is determined by the energy difference between the highest occupied molecular orbital ͑HOMO͒ of the donor and LUMO of the acceptor. It has been proposed that PCBM has much lower electron affinity compared to C 60 . 16 In addition, the energy levels of LUMO for C 60 and PCBM are 4.5 and 3.7 eV, respectively. 7, 17 The energy level diagram of the materials are shown in Fig. 1͑b͒ . As a result, the energy difference between the HOMO of CuPc ͑5.2 eV͒ and LUMO of PCBM is 1.5 eV, which is more than twice the 0.7 eV difference between CuPc and C 60 . Therefore it is clear that CuPc/PCBM based devices will demonstrate much higher V OC , in agreement with our observation.
In order to study the surface morphology and the D/A interface, the AFM images were obtained for thin films of C 60 and PCBM deposited on CuPc films. Figure 4 compares the surface morphology of thermally evaporated pristine CuPc layer and CuPc with thermally evaporated C 60 and with spun-cast PCBM layer on top. All the films are deposited on ITO substrates covered with PEDOT:PSS, in order to mimic the device fabrication conditions. The root-meansquare roughness ͑ rms ͒ of the pristine CuPc surface was roughly 2.9 nm. After thermally depositing 30 nm of C 60 over the CuPc surface, rms increased to ϳ7.1 nm. During thermal evaporation, the deposited CuPc film typically has a morphology that is governed by the underlying surface, resulting in some shadowed areas due to protrusions. 18 The subsequent C 60 layer that is thermally evaporated on top of this CuPc layer follows these protrusions, resulting in even rougher surface. In this case, voids will exist where the protrusions shadow the underlying surface of the CuPc film from deposited C 60 molecules. In contrast, the AFM image in Fig. 4͑c͒ shows that the PCBM layer, which is formed by spin coating, has a flattened top surface with the rms of roughly 1.0 nm. Due to the better morphology of the top PCBM surface obtained by solution processing as compared to thermally evaporated C 60 and PCBM, the leakage current was dramatically decreased by two order of magnitude in the device using the former as the acceptor layer. The dark I-V curves for CuPc/ C 60 and CuPc/PCBM are shown in the inset of Fig. 1 . The smooth surface suggests that the PCBM molecules, being deposited from solution, completely fill the voids beneath the needles in the underlying CuPc layer and other interface nonuniformities, while maximizing the D/A interface area. This results in substantial increase in charge separation at the CuPc/PCBM D/A interface and gives much higher PCE compared to the devices made by thermally deposited acceptor layers.
In conclusion, we have demonstrated improved efficiency in D/A heterojunction PV cells by employing solution processing of PCBM on top of CuPc layer. The results show that the upper limit of V OC is mainly determined by the difference between the LUMO of PCBM and the HOMO of CuPc. Moreover, the improved device performance compared to the conventional device can be attributed to the balanced charge transport properties. Additional improvements are anticipated by further optimization of the film thickness. 
